We designed, for the first time, an enzyme-triggered drug delivery system that is based on cytosine-phosphodiester-guanine oligodeoxynucleotide (CpG ODN)-capped hollow mesoporous silica (HMS) particles as carriers. Fluorescein dye was used as a model drug, and the fluorescein loading, amino-grafting and CpG ODN capping were evaluated by UV/Vis analysis, zeta potential and N 2 adsorption-desorption measurements and gel electrophoresis. The fluorescein loading capacity and CpG ODN capping amount were 37.7 and 39.6 µg/mg, respectively at the weight ratio of 10 Dye/HMS-NH 2 /CpG ODN. Importantly, fluorescein release can be triggered by the addition of deoxyribonuclease I (DNase I) for CpG ODN degradation, and the release rate can also be controlled by changing the DNase I concentration. Therefore, it might be a promising controlled drug delivery system for application in the field of biomedicine and cancer therapy.
Introduction
Mesoporous silica nanoparticles (MSNs) have high surface area and pore volume, tunable pore size, well-defined surface properties for modification, and biocompatibility, which provides a stable carrier for drug loading and release. [1] [2] [3] In recent years, as an alternative to polymeric materials, MSNs have been widely studied as inorganic carriers for drug delivery. [4] [5] [6] [7] [8] [9] [10] [11] It has been accepted that stimuli-responsive drug delivery could significantly reduce the serious side effects associated with many toxic drugs and enhance the therapeutic efficacy. Therefore, many efforts have been made to design and construct the gated MSNs carriers for stimuli-responsive drug delivery. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The first gated MSNs carriers were developed by M. Fujiwara and co-workers via the reversible photodimerization of coumarin grafted to the mesopore openings of MCM-41 that was sensitive to light. [12] Since then, various components, such as CdS, Fe 3 O 4 and Au nanoparticles, [13] [14] [15] collagen, [16] oligonucleotide, [17] [18] antibody, [19] supermolecules, [20] and polyelectrolyte, [21] have been used to construct the gated MSNs carriers for controlled drug release, and these components respond to a range of stimuli including redox, pH or temperature, competitive binding, and so on. For example, Lai et al.
developed a gated MSNs system, where the mesopores loaded with guest molecules were capped by CdS nanoparticles via a chemically cleavable disulfide linkage to the MSN surface, and the release was triggered by the addition of dithiothreitol (DTT) to cleave the disulfide linker. [15] We proposed a concept to design a pH-responsive controlled drug release system by using the pH-responsive polyelectrolyte multilayers 4 as the coating layer to cap the mesopore openings of the drug-loaded hollow mesoporous silica (HMS) particles. [21] However, many of the reported stimuli-responsive drug delivery systems have the gating features with poor biocompatibility, toxicity of the gating agents, or difficulty for using under physiological conditions.
In addition to the stimuli mentioned above, the use of enzymes is of great interest for triggering a responsive controlled drug release from a gated MSNs-based delivery system. Enzymes offer key advantages as release triggers, because they are not biologically disruptive, function under mild conditions, and possess a high degree of selectivity. [22] [23] To date, several reports on the use of enzyme-mediated hydrolysis of supermolecules or polymeric components for the controlled opening of the gated MSNs carriers have been described. [24] [25] [26] [27] [28] [29] For example, Bernardos et al. reported the synthesis of a lactose-capped MSNs for controlled release. [26] The [Ru(bipy) 3 ] 2+ dye could release from the lactose-capped MSNs after the addition of β-D-galactosidase to uncap the openings by the rupture of a glycosidic bond. [26] It has been well known that nucleic acids are widely existed in the body, and have been recognized as attractive building blocks for nanobiotechnology and materials science owing to the remarkable specificity and versatility of these units. [30] [31] [32] Importantly, nucleic acids could be hydrolyzed by specific endonucleases.
Therefore, it can be speculated that nucleic acids as a gating agent to cap the mesopore openings of MSNs carriers would achieve the enzyme-triggered controlled drug release, and this also could solve the problems of many reported gating agents 5 with poor biocompatibility, toxicity, or difficulty for using under physiological conditions.
Herein we designed and constructed an enzyme-triggered drug delivery system that is based on cytosine-phosphodiester-guanine oligodeoxynucleotide (CpG ODN)-capped hollow mesoporous silica (HMS) particles as carriers. As shown in Fig.   1 , HMS particles were prepared by using a carbon sphere templating method reported in our previous work. [33] [34] Reports on such an enzyme-triggered drug delivery system have not been found before.
Experimental

Preparation of the dye-loaded and aminated HMS particles (Dye/HMS-NH 2 ):
Firstly, HMS particles were prepared by a carbon sphere templating method according 6 to our previous report with some changes of synthesis parameters (see Supporting Information). [33] [34] The Dye/HMS-NH 2 particles were prepared following the literature procedures after a little modification. [17] Typically, 500 mg of HMS particles Dye/HMS-NH 2 /CpG suspensions were used for gel electrophoresis experiment.
Typically, 10 µl of the suspension was loaded into the gel, and electrophoresis was carried out at 180 V for 55 min running with a 1×TBE buffer according to the manufacturer's instructions. Ethidium bromide was used to visualize CpG ODN using a UV transilluminator (Dolphin-Doc, Kurabo industries Ltd.) at 312 nm.
To optimize the necessary amounts of CpG ODN for capping on the Dye/HMS-NH 2 particles, gel electrophoresis experiments were used to confirm the optimal weight ratio of Dye/HMS-NH 2 /CpG ODN. The Dye/HMS-NH 2 particles were reacted with CpG ODN for 2 h at various weight ratios from 5 to 50
Dye/HMS-NH 2 /CpG ODN. After centrifugation (15000 rpm, 10 min), the supernatant was recovered and loaded into the gel, and electrophoresis was carried out at 180 V for 55 min running with a 1×TBE buffer according to the manufacturer's instructions.
Ethidium bromide was used to visualize CpG ODN using a UV transilluminator (Dolphin-Doc, Kurabo industries Ltd.) at 312 nm. 
In vitro release behavior of the Dye/HMS-NH
Results and discussion
The representative SEM and TEM images of HMS particles are shown in Fig. 2 .
Similar to our previous reported results, [33] [34] these spherical particles are well monodisperse, and have hollow structure. The average particle size is in the range of 400-500 nm, and the silica shell is about 70-80 nm in thickness. From the high magnification TEM image in Fig. 2c , disordered mesopores are distributed on the shells.
Furthermore, it can also be observed that only one small particle is encapsulted in the hollow cavity of each HMS particle. Our previous report have demonstrated that the small particle is Fe 3 O 4 particle. [33] Because the carbon sphere templates were adsorbed with iron precusor, Fe (Fig. 2d) , which might be potential for magnetic targeting delivery.
The N 2 adsorption-desorption isotherm of HMS particles can be classified as type IV isotherm, typical curve for mesoporous materials (Fig. 3) . The specific surface area was 683. showed a narrow pore size distribution peaked at 2.6 nm (inset of Fig. 3 ), allowing small fluorescein molecules to diffuse into the hollow cavities through the mesoporous shells.
Dye loading and amino-grafting on HMS particles were characterized by UV/Vis spectra, zeta potential and N 2 adsorption-desorption measurements. The UV/Vis spectrum of the Dye/HMS-NH 2 particles shows the characteristic UV/Vis absorption peak at 494 nm for fluorescein dye (Fig. 4) , suggesting fluorescein dye has been loaded in HMS particles. As shown in Fig. 5 , the zeta potential of HMS particles was -23.2 mV, while that of the Dye/HMS-NH 2 particles was 7.7 mV, which confirms the positively charged amino groups have been grafted on the surface of the dye-loaded HMS particles. Therefore, the Dye/HMS-NH 2 particles are able to interact with the 10 negatively charged CpG ODN, resulting in the capping of mesopore openings for the Dye/HMS-NH 2 particles. N 2 adsorption-desorption measurement further confirmed the fluorescein dye loading and amino-grafting on HMS particles (Fig. 3) . In general, DNA migration on the agarose gel can be retarded after DNA bonding on the particles. [35] In this study, the CpG ODN capping to the Dye/HMS-NH 2 particles was also investigated by an agarose gel electrophoresis. As shown in Fig. 6 particles and washing process.
To optimize the necessary amounts of CpG ODN for capping to the Dye/HMS-NH 2 particles, gel electrophoresis experiments were used to confirm the optimal weight ratio of Dye/HMS-NH 2 /CpG ODN. As shown in Fig. 7 , the CpG ODN band in the supernatant became weaker with an increase in the weight ratio and disappeared at a weight ratio of ≥ 20, suggesting that CpG ODN was able to cap to the Dye/HMS-NH 2 particles, and that all of CpG ODN molecules were capped to the Dye/HMS-NH 2 particles at a weight ratio of ≥ 20. In order to all grafted amino groups on the surfaces of the Dye/HMS-NH 2 particles could interact with CpG ODN to cap the mesopores, the weight ratio of ≤ 15 should be used to cap the mesopore openings of the Dye/HMS-NH 2 particles. 
Conclusion
We have successfully designed an enzyme-triggered drug delivery system that is 
